Abstract: A modified S 2 system, which can effectively mitigate the effect of electromagnetic disturbance, was proposed and demonstrated for the characterization of few-mode-fibers (FMFs). The measurement accuracy of distributed mode coupling was improved by 1.22 dB.
Introduction
FMFs have attracted much attention recently due to its potential applications in mode-division multiplexed optical communication [1] , fiber sensors [2] and lasers [3] . Spatially and spectrally (S 2 ) imaging technique [4] has become one of the preferred methods for characterizing the properties of FMFs. In [5] , the S 2 setup used an ASE source to excite the entire modal content. The output spectrum was saved point by point in the transvers plane through an optical spectrum analyzer (OSA). In [6] , a tunable laser was used to excite the entire modal content and a CCD was used to collect output intensity images as the laser wavelength was swept. The latter can decrease measurement time. Several factors such as spectral leakage and sampling errors can severely influence the measurement results and have been investigated in detail [7, 8] . The effect of electromagnetic disturbance on the S 2 measurement has not been analyzed so far, to the best of our knowledge. As we showed in this paper, electromagnetic disturbance leads to random noise on the modal interference images collected by the CCD and thus affecting the final testing results. In this paper, we proposed an electromagnetic disturbance mitigation method for S 2 system to measure the properties of FMFs. The collected mode interference images showed that the noise points were diminished obviously. The experimental results showed that the measurement accuracy of distributed mode coupling was improved by 1.22 dB.
Experiment
A schematic of the modified S 2 imaging system for FMF testing is shown in Fig.1 . A tunable laser was used as the optical source which is an Emcore ITLA. The fiber under test (FUT) was a 100 m length of FMF that supports two modes. Offset excitation of the entire modal content was implemented by precise translation between the input single-mode fiber (SMF) and FUT. At the output of the FUT, a collimator was used and the beam was imaged with magnification onto the camera. The camera used in this system was the MicronViewer 7290A with the optical spectrum range of 0.4-1.9 μm. Neutral-density (ND) filters were used to attenuate the intensity of the optical beam to avoid saturating the camera. An electromagnetic shielding device was employed to mitigate electromagnetic disturbance in front of the input of the camera. The shielding device fixed to the camera was an aluminum tube with an outer diameter of 25 mm and thickness of 1 mm to accommodate the optical beam. To achieve the best electromagnetic shielding effect, we made the length Fig. 2(b) are the mode interference images collected by the camera at the same wavelength of 1550 nm. As shown in Fig. 2(a) , there are many noisy points on the image caused by electromagnetic disturbance. Fig.2 (b) showed the image with the electromagnetic shielding device and the noise was mitigated. Furthermore, the pixel value of the Fig. 2(a) and Fig. 2(b) are also analyzed. Fig. 2(c) and Fig. 2(d) show the pixel value of the same position (blue solid line) in the Fig. 2(a) and Fig. 2(b) , respectively. From the comparison we observed that the electromagnetic disturbance is mitigated effectively in the modified S 2 few mode fiber-testing system.
Fig. 2(a) and

Results and analysis
The S 2 measurement was taken by tuning the laser from 1546 nm to 1550 nm with the step size of 0.008 nm and 501 images in total were collected. By taking the Fourier transform of the intensity spectrum at a fixed point (x, y), we obtained the beat amplitude vs. differential mode group delay (DMGD). In the plot of beat amplitude vs. DMGD in Fig. 3(a) for a 100 m long FMF, the sharp peak at 363 ps corresponds to beating between the fundamental mode and the LP11 mode discretely coupled at the input of the FMF. The intensity distribution of LP11 mode is shown in the inset. The long plateau between 0 and 363 ps is due to beating between the fundamental mode and the LP11 mode coupled from the fundamental mode in a distributed fashion along the length of the FMF. By integrating over the plateau, distributed mode coupling from the LP01 mode to the LP11 mode can be quantified to be -14.44dB. In Fig.  3(b) , which is the result using the shielding device, the distributed mode coupling from the LP01 mode to the LP11 mode is -15.66dB. The accurate measurement of distributed mode coupling is quite important and is essentially beneficial for fiber design, fiber manufacture and fiber transmission. In the experimental result of S 2 measurement, the electromagnetic disturbance influenced the measurement of distributed mode coupling from the LP01 mode to the LP11 mode. The proposed modified S 2 few mode fiber-testing system can effectively mitigate electromagnetic disturbance and improve measurement accuracy of distributed mode coupling by 1.22 dB.
Conclusion
In this paper, we set up a modified S 2 few mode fiber-testing system to measure a 100 m length of FMF that supports two modes. The electromagnetic disturbance was mitigated and measurement accuracy of distributed mode coupling was improved by 1.22dB. The modified S 2 system is more useful for FMF testing that supports higher order modes. Four modes FMF testing will be implemented based on the proposed modified S 2 system in further study.
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